We find lag phases exceeding 20 mm in measuring cre-. atine kinase activity, by using the kinetic creatine phosphate -creatine assay, in sera of some patients with carcinoma metastatic to the liver. Such long lag phases are accompanied by a decreased apparent enzyme activity. These problems are eliminated by adding sulthydryl agents to the serum before assay, but not by adding more of such agents to the assay reagent. fl-Mercaptoethanol is superior to Cleland's reagents, glutathione, and cysteine. The long lag phases could not be explained by inadequate activity of the coupling enzymes, interference with the coupling steps, high proportions of cardiac isoenzyme activity, simple oxidation of the enzyme, low concentrations of albumin, or increased concentrations of glutathione reductase, lactate dehydrogenase, or uric acid. We conclude that the prolonged lag phases reflect inadequate reactivation of the enzyme by sulfhydryl agents under the usual assay conditions. Reactivation before assay can prevent potentially serious negative errors in the assay of creatine kinase.
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#{149} analytical error #{149}cancer e reactivation of creatine kinase by su!fhydryl-containing compounds
The causes of erroneously high results for CK have been well investigated and excellently reviewed (1 ).1 Falsely low results have also been described, the most common cause being inactivation of the enzyme during storage of serum. Addition of sulfhydryl compounds to the reaction mixture has been shown by many investi-gators to reactivate the enzyme, although the exact "optimal" concentration of them may vary (2) . At about 10 mmol/liter in the incubation mixture, little or no difference in reactivating ability among various thiol compounds was noted whether the "forward" reaction, creatine -creatine phosphate (3,4), or the more widely used "reverse" reaction, creatine phosphate -' creatine (2, 5-11) was used. Other possible causes of low values that have been suggested are increased glutathione reductase (EC 1.6.4.2) activity when reduced glutathione is used as a CK activator in the reverse assay (11, 12) , increased lactate dehydrogenase activity when NADH is used in this assay (11), and a sulfhydryl-reversible inhibition by uric acid (13) . An association between depressed CK activities and increased alkaline phosphatase (EC 3.1.3.1) activity has also been described (14) but does not appear to be caused by any direct effect of alkaline phosphatase on the assay (11, 15, 16) .
We noticed a low CK value in a fresh serum from one patient which showed a lag phase longer than 13 mm in the reverse reaction. This report describes an identifiable group of such patients (low CK, prolonged lag phase) and presents data relevant to the etiology of the phenomenon and to its elimination by preincubation of the sera with sulfhydryl reagent. (EC 5.3.1.9) . This was assayed with the "PHI Reagent Set" (Worthington) with fructose-6-phosphate as substrate and glucose-6-phosphate dehydrogenase (EC 1.1.1.49) as the coupling enzyme.
Materials and Methods
Apparatus
Sulfhydryl compounds
cysteine and reduced gluta-
and dithiothreitol (Sigma) were used as fresh aqueous solutions.
In the detailed studies of the lag phase done with the Gilford 2000 or GEMSAEC, the reagent, cuvettes, cuvette holders,etc., were brought to the assay temperature (37 #{176}C unless noted otherwise) before the start of the reaction. These precautions were not taken with the Gilford 300-N because of the rapid temperature equilibration provided by the 3017T thermocuvette. Assays (reconstitution, dilutions, etc.) were performed according to the manufacturers' directions except that the reaction was monitored continuously and beyond the recommended time. For assays done with the GEMSAEC, dilutions and sample flush volume were chosen to achieve the final concentrations recommended by the reagent supplier.
Calculation of the Lag Phase
The lag phase was defined as the time from the start of the enzymatic reaction until the time at which the rate of change of absorbance with time was linear and was determined graphically as shown in Figure 1 
Results
Patients with a Prolonged Lag Phase for CK Figure 1 , curve A, shows the time course of reaction at 37 #{176}C of a serum that showed a 16-mm lag phase.
Reaction rates measured at 3 and 10 mm were only 25% and 75%, respectively, of the final rate. For comparison, curve B, obtained under identical conditions, shows the course for a serum with the same final rate, but with the usual lag phase of 3-4 mm. When an equi-volume mixture of sera A and B was assayed, curve C was obtained in which the lag phase was equal to the average of the lag phases of the two individual sera. In other experiments the lag phase was shown to be substantially longer at lower assay temperatures, at 25 #{176}C being twice what it was at 37 #{176}C.
Correlation of Lag Phase with Glucose Phosphate Isomerase Activity
The initial serum in which a prolonged lag phase was observed came from a patient with carcinoma of the breast metastatic to the liver, whose serum was known to have an increased activity of glucose phosphate isomerase. Other samples with normal and increased glucose phosphate isomerase activity (>90 U/liter) were tested for their lag phases in the assay of CK. Figure 2 illustrates the correlation found between glucose phosphate isomerase activity and the lag phase in the CK assay of sera from 17 patients. The correlation coefficient was highly significant (P << 0.001). Diagnoses for these patients included breast, lung, colon, and pelvic carcinomas. All had clinical evidence of hepatic metastases if theirserashowed abnormally high glucose phosphate isomerase activity. Four additional patients (indicated by triangles in Figure 2 ) had markedly increased glucose phosphate isomerase activity; they had various diseases but no evidence of carcinoma. Sera from these patients had the usual short (2-4 mm) lag phases, which did not correlate with glucose phosphate isomerase activity. This strongly suggested that glucose phosphate isomerase per se did not account for the observed correlation.
In these 21 patients we found no correlation between lag phase and CK activity or between the activities of the two enzymes. On review of all patients' charts we saw no statistically significant correlation of the lag phases with either serum alkaline phosphatase or lactate dehydrogenase activities, al- 
Investigation of the Coupling Reactions
The reactions of the reverse kinetic assay for CK are shown in Figure 3 . Interferences in the assay of CK might occur either at the coupling steps or at the primary (CK-catalyzed) reaction. The lag phase might be prolonged by the presence in the sera of inhibitors of the auxiliary enzymes, which would decrease the maximum velocities of the enzymes and (or) increase the Michaelis constants for ATP or glucose-6-phosphate (19). Similarly, the lag phase might be prolonged on removal of reaction products (other than 6-phosphogluconate or creatine) by (e.g.) limited hydrolysis of the ATP formed, removal of NADH, or the isomerization of glucose-6-phosphate via glucose phosphate isomerase (Figure 3) . We investigated these possibilities by two independent experiments. First, CK activity was measured in an automated end-point assay system, which measured creatine directly with the diacetyl-orcinol reaction This increase in activity with incubation time was similar to that seen when CK activity was calculated from the kinetic assay (see above, Figure  1 ) and strongly suggests that the long lag phases were not attributable to the coupling enzymes of the reverse kinetic assay.
In the second experiment, we added ATP to the reagent system of the reverse kinetic assay, with and At time 0,50 nmoi ATP was added to either reagent alone or reagent with serum that had previousiy been found to have a lag phase longer than 20 mm without serum present, to test the coupling steps. At zero time, 50 nmol of ATP was added to 1.5 ml of assay reagent and the absorbance continuously recorded. As shown in Figure 4 , the half-time of the reaction was unaffected by the presence of serum known to have a prolonged lag phase. We saw no effect of these sera when the ATP was added either immediately after serum was added to the reagent (i.e., during the lag phase) or at later times, strongly suggesting that the auxiliary enzymes were not inhibited by the serum. Additionally the analytical recovery of added ATP was quantitative in both cases, which would not be so if glucose-6-phosphate or ATP were being utilized by another reaction or if NADH were being reduced by the serum. Comparable results were obtained when the experiment was performed by adding glucose-6-phosphate.
Thus, these experiments present strong evidence that the coupling system was not being affected by serum components in the samples with long lag phases.
Effect of Pretreatment of Serum with /3-Mercaptoethanol
The apparent lag phase in most routine assays of serum CK activity includes the time required for activation of CK by reduced sulfhydryl compounds. To evaluate the possible effect of sulfhydryl reactivation on the prolonged lag phase, we pre-treated sera with /3-mercaptoethanol for 30 mm before CK assay. Figure  5 illustrates the effect of pretreatment on the time course of the assay of a serum that showed a lag phase greater than 20 mm when not pretreated (curve C). Lag-phase was reduced to less than 5 mm by pretreatment of the serum with f3-mercaptoethanol, either 10 mmol/liter (curve A) or 280 mmol/liter (curve B) final concentrations in the serum. These concentrations were equivalent to 0.3 and 9 mmol/liter, respectively, in the final assay mixture and produced no measurable change in the pH of either the serum or the final assay mixture.
Equally important was the observation that the reaction rate of the pretreated samples (curves A and B) exceeded the rate observed with the non-pretreated sample, even after the end of the apparent lag phase (curve C), an observation in agreement with those of Miyada et al. (2) that suboptimal concentrations of sulfhydryl agents resulted in linear reaction rates with a lower apparent enzyme activity than was the case when optimal sulfhydryl concentrations were used.
The observed effect of pretreatment with /3-mercaptoethanol suggested several possible explanations. First, the increased rate observed with such pretreatment could not be ascribed to nonspecific reduction of NAD or to changes in turbidity, because there was no apparent CK activity when pre-treated serum was added to reagent lacking creatine phosphate. Additionally, samples with the usual or only slightly prolonged lag phases showed little increase in final enzymatic activity on such pretreatment.
Secondly, recent reports that the MB (cardiac) isoenzyme of CK is more resistant to reactivation by suifhydryl compounds (21, 22) suggested the possibility that samples with increased MB-CK activity may have prolonged lag phases when glutathione is used as the sulfhydryl activator. However, isoenzyme determinations by a sensitive electrophoretic method (23) on the samples with prolonged lag phases revealed no detectable MB-CK, even after pre-treatment of the sera with /3-mercaptoethanol.
A third possible explanation of the prolonged lag phases was simple oxidation of the CK molecule. To test this possibility, we bubbled oxygen through normal sera for 30 mm to totally inactivate the enzyme (2). When we used the reagent without sulfhydryl, no activity was observed, indicating that the enzyme had been totally inactivated by oxidation. However, the sulfliydryl agent present in the usual reagent fully reactivated the enzyme, and no prolonged lag phases were observed.
Finally, a causative role of glucose phosphate isomerase in the lag phase was further excluded by the observation that pretreatment of sera with 3-mercaptoethanol did not affect their glucose phosphate isomerase activity.
Sulfhydryl Requirements for Reactivation
We investigated the reactivation requirements for CK in a pool of sera with long lag phases by using various sulfhydryl compounds. For these studies sera were and was minimal at about the same concentration of sulfhydryl compound. The range of concentrations producing full reactivation was different for the three reagents. 9-Mercaptoethanol could be used at concentrations up to 280 mmol/liter, giving a broad range of effective concentrations; the other two reagents not unexpectedly (21) gelled the serum at concentrations exceeding 10-15 mmollliter and thus had a narrow range of usefulness. Glutathione at about 10 mmollliter was effective in reducing the apparent lag phase to less than 2 mm, but the final CK activity was 10-20% less than with the other sulfhydryl agents; cysteine alone neither effectively shortened the lag phase nor increased the CK activity, at concentrations between 0.2 and 190 mmol/liter.
With glutathione and cysteine, the reaction rates fluctuated, even after the end of the apparent lag phase, resulting in uncertainty in the estimates of final activity. On pretreatment of the sample with 280 mmol of /3-mercaptoethanol per liter, reactivation of CK appeared essentially complete within 30-60 s. This observation was in keeping with the thermodynamically controlled rather than kinetically controlled activation of CK in normal sera (10).
The lag phases of these sera were not overcome by adding corresponding amounts of 9-mercaptoethanol, dithioerythritol, or dithiothreitol directly to the reagent itself, regardless of whether or not the reagent already contained glutathione.
At final concentrations of these compounds in the reagent similar to the concentrations effective for pretreatment-e.g., 10 mmollliter-the lag phases were only reduced a little, while at higher concentrations both nonspecific reduction of NAD (in the absence of substrate) and loss of apparent enzyme activity were observed. Thus, the ineffectiveness of these compounds when present in the reagent was in striking contrast to their effectiveness when used for pretreatment of the sera.
Use of Other Reagent Formulations
Because all the above work was done with reagents obtained from one manufacturer, other formulations were tested. We used two specimens of pooled serum, one made with sera having normal lag phases, the other from sera with long (12-20 mm) lag phases, as measured with the Worthingtor Statzyme reagent. We stored the pools frozen in aliquots and analyzed samples from each pool with and without pretreatment (280 mmol of fimercaptoethanol per liter, for 30 mm), using the kits according to the directions of their respective suppliers. All of the single part kits, which contained glutathione, L-cysteine, dithioerythritol, or some combination of these agents in various concentrations, showed the same phenomena as did the Worthington Statzyme reagent (long lag phases and low CK activities, both of which were corrected by pretreatment with $-mercaptoethanol). With a two-part kit in which the serum was first incubated without creatine phosphate, the lag phase was reduced to less than 3 mm. In this single experiment the two-part reagent appeared promising, but further data will be required to determine whether it can substitute for pretreatment of serum. The above experiments and those previously described essentially rule out glutathione reductase (11, 12) or lactate dehydrogenase (11) as causes of the prolonged lag phase and low CK activity, because glutathione and NADH were not present in several of the kits tested.
Discussion
The present study demonstrates that sera from at least one identifiable group of patients (metastatic disease of the liver) may exhibit low apparent enzymatic activity and prolonged lag phases in the "reverse" ki- (5, 10, 27) . Both protein-bound and diffusible species appear involved in this inactivation of CK by sera (13, 24) . Our finding of proportional changes in the lag phase after dilution with normal sera (Figure 2) would support a role for a serum factor in the production of the long lag phases. In the usual situation, uric acid appears to be responsible for a large part of the CK inactivation by sera. Because both Warren (13) and ourselves have shown this effect to be completely reversible by the addition of even mild sulfhydryl agents
